Corp., Webster, New York.
I. INTRODUCTION
Lead zirconate-titanate (PZT) ceramics are of current interest, due in part to the development of several promising image storage and displ~ devices .1-4 In these applications, both the electrical and optical properties may be sensitive to the defect structure that is created during the high temperature materials processing.
Recently, it has been shown that a wide variation of stoichiometry (2.5 mol% PbO) is possible in PbTi .
• 5 Zr. 5 0 3 at 1100oC. 5 It would be useful to know the maximum stoichiometric variations that are possible as a result of changes in the processing conditions for any lead zirconatetitanate composition. A method is needed to precisely establish a particular stoichiometry.
The "vapor phase equilibration," (VPE) method, as described in an earlier paper,5 affords a unique method of fixing the stoichiometry during processing, while also enabling measurement of the stoichiometric width of most PZT compositions.
However, this measurement technique could not be applied to the solid solution compositions at or quite near pure lead titanate or lead zirconate, because of difficulties encountered in fabricating the required atmosphere crucibles and samples. In addition, a VPE experiment g~nerates no quantitative thermodynamic data. Hence, another approach was taken.
A variation of the standard Knudsen effusion technique allows for an extended interpretation of vapor pressure data. A single experiment m~ be designed to yield the width of any PZT single-phase region, the equilibrium lead oxide vapor pressure as a function of temperature and because only a single component,6,7 PbO, evaporates. The composition of the remaining condensed phase changes uniformly, and can be so constrained to cross the desired phase boundaries at a. constant temperature. ..
In a typical Knudsen experiment, the sample is sealed within a nonreacting cell ~i th a small cylindrical orifice. Ideally, the equilibrium vapor pressure builds up within the cell held at a constant.temperature.
The orifice area acts as the effective area from which the vapor molecules will escape at the equilibrium rate. This equilibrium escape rate is inferred from the weight-change of the cell, by means of the Knudsen '.)
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In the usual Knudsen effusion method~ the vapor pressure is measured above a material of fixed composition. However, because the samples in this study lose PbO by incongruent vaporization, PbO effusion causes the sample composition to change with time.
The experimental variation instituted in this study consisted of initially preparing a well characterized lead zirconate-titanate plus lead oxide sample, continuing the Knudsen effusion experiment until all the lead oxide is exhausted from the cell, and then recording the weight and analyzing the oxide residue. This technique is applicable to any Pb(Ti Zr l )03 composition.
A. Sample Preparation
II. EXPERIMENTAL
The desired lead zirconate-titanate composition was prepared by carefully mixing the pure oxides in the manner that was previously described 5 (see Fig. 1 ). The oxides were mixed with the concentration of lead oxide exceeding that of the required amount (4-16 wt%), to establish the overall sample composition at a known point within the (PZT+PbO) phase field. This powder was calcined in a [PZT+PbO] constant activity· multi-phase (CAMP) crucible to allow a brief high temperature soak (3 h~ 11000C) followed by a longer moderate temperature soak (20 h~ 850°C) to insure a homogeneous sample. The powder was lightly re-mixed in a plastic mortar and pestle, and screened to remove the particles of less than 400 mesh.
,
Alternatively~ the oxides were combined first in their stoichiometric proportions and calcined at a low temperature in air (840°C, 30 h) to form the Pb(TixZ~1_x)03 compound. Then a precise amount of lead -4-
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oxide (4-16 wt%) was added and homogeneously mixed with the PZT.
The overall composition in either case is located on the lead titanate phase diagram ll shown in Fig. 2a near point A.
The powder was poured into the Knudsen cell to yield a low bulk density, which would inhibit sintering at temperature. The cap and the cell were sealed by heli-arc welding, utilizing a platinum shim. The cap design allowed alternate opening and re-sealing the crucible for a number of experiments.
C. The Thermogravimetri c Apparatus
The experimental apparatus is diagrammed in Fig. 4 . The balance 'used was an Ainsworth Recording Balance type RZA-AU-1. The system was ..
.... The furnace was an alumina tube resistance-wound with a Pt.8Rh.2
wire. It was constructed such that the hot zone had a thermal gradient (vertical) of less than lOe over a 3"zone. A permanently placed thermocouple was calibrated against the spot-welded thermocouple on the cell as shown in Fig. 4 .
The cell was suspended by a single thermocouple that was insulated by a high-purity ,derise alumina tube. Fine copper coils were employed to mechanically isolate the suspension system while allowing potential measurements from the thermocouple, as shown in Fig. 4 .
In most experiments, the thermocouple on the sample cell was used as the controlling thermocouple so that the cell would equilibrate to temperature changes rapidly. Provision was made so that this thermocouple could be connected to a potentiometer, when desired, to obtain accurate temperature measurements.
In some experiments a Simpler arrangement was used. The cell was merelY suspended by a 0.020 in. diameter Pt.9Rh.l wire, and the temperature was calculated from that of the permanently placed thermocouple.
D. Experimental Procedure
The sample powder was first characterized by X-ray diffraction and chemical analysis for Pb, Ti and Zr content. The Knudsen cell was loosely filled with the powder (approximateiy 2 grams PZT, 0.'40 grams excess PbO), sealed, dried, weighed, fitted with _ a thermocouple, and installed in the system. This was followed bya bakeout at 600 0 e for at least 24 h to achieve a stable background pressure in the 100:-5 to Finally, the cell was held at 1200 0 C where a moderate and constant weight loss was expected until the end of the experiment when all PbO had been exhausted from the cell. No further weight loss was observed.
The cell was returned to room temperature, weighed, opened, and the contents weighed, collected, and analyzed. The total observed experimental weight loss should correspond to the amount of lead oxide
initially in the cell.
This experiment could be repeated for any composition within the lead titanate-lead zirconate solid solution system.
E. Vapor Phase Equilibration (VPE) Method
The VPE experiment, described in Ref. This ncn-linear region is measurable for all lead zirconatetitanate compositions, is quite reproducible, and is independent of the amount and particle size distribution of the saffiple powder. However, screening techniques were always used to remove the smallest particles from the distribution. . . Table   II . (The data points were least squares fitted to the linear form,
Because PbO is the only significant vapcr species in the PbO-Ti0 2 -Zr0 2 system, it is expected that a second law analysis of the Knudsen e,ffusion vapor pressure data should yield equivalent values fer the entropies of vaporization. This is observed (Table II) 
The composition of the vapor is assumed to be essentially monomer.
Small amounts of dimer and trimer lead oxide in the vapor -above pure condensed lead oxide 5 introduce small errors, but these are not believed to be important.
A plot of the lead ox;de activity of PZT in equilibrium with a lead rich liquid as a function of temperature (Fig. 17) 
IV. CONCLUSIONS
The range of non-stoichiometry in lead zirconate-titanate at 11000C has been established by two different gravimetric techniques. A modified Knudsen effusion experiment was utilized to indicate: The cell is suspended by a Pt/Pt. 9
Rhl thermocouple, with the temperature measuring junction created by the Pt. 9
Rh. l //Pt cell junction.
The experimental apparatus used in the Knudsen Effusion experiments. The continuously recording microbalance with automatic weight-change mechanism is an Ainsworth type RZA-AU-l. Thin copper coils from the sample suspension thermocouple to a terminal strip that may be reached by a vacuum feedthrough, serve to create mechanical isolation while providing electrical conduction. PZT compound is in equilibrium with a lead rich liquid: 0-refer to experimentally determined points, X -refers to extrapolated points.
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